An informal landfill is an open dump that pollutes the underground environment because it lacks an impervious liner. The leakage of such a landfill is unidirectional and thus difficult to directly test. This study uses electrical imaging survey to evaluate the pollution of the underground environment of an informal landfill for municipal solid waste in Beijing. We hypothesize that every location has a specific resistivity resulting from the leachate. We use the membership function of fuzzy mathematics to quantitatively represent the pollution of the underground environment in the sanitary landfill. The results are consistent with borehole data.
Introduction
An informal landfill is an open dump that pollutes the underground environment because it lacks an impervious liner. The underground environment has been polluted by leachate from urban informal landfill. This pollution problem has received universal attention. Chinese and foreign researchers have used geophysical methods to investigate this problem. Texkan (1996) used [1] [2] [3] the audio frequency magneto-telluric and transient electromagnetic methods to find the informal landfill area used by Cologne, Germany, during the second world war. Benson (1997) diagrammed underground water pollution by the ultra-low-frequency electromagnetic methods. Part (1998) measured the displacement of polluted underground water by the resistivity method. Ogily used the 3D resistivity chromatographic method to probe an informal landfill. Beselli used the multi-channel DC and electromagnetic methods to detect the pollution of underground water. Yan investigated the Asuwei landfill in Beijing by the magneto-telluric method [4] [5] [6] [7] [8] [9] . However, among all these techniques of measuring and explaining environmental pollution in informal landfills, the pollution level is merely approximated by manually fixed resistivity (e.g., 10 Ω m). These methods do not reflect the exact level of environmental pollution in informal landfills.
Electrical imaging survey (EIS) is an observation technique developed in the late 20th century. This technique uses array observation [10, 11] . This technique used in geological engineering and pollution detection engineering is made efficient by the characterization of considerable information, high resolution, the application of DC excitation resource, and anti-man-made electromagnetic noise. Proposed by Zadel in 1965 [12, 18] , fuzzy mathematics theory is an effective means to define and explain the "unclear" boundary label of the differences among objective realities. This theory has widely been used in automation control, weather forecasting, agroforestry planning, seismic risk analysis, and mineral evaluation [13] [14] [15] . Fuzzy mathematics and EIS observation are used by the current study for the aerial EIS measurement of an informal landfill in Tongzhou District in Beijing to obtain an apparent resistivity profile.
Using the fuzzy mathematical membership function, this study provides a quantification index to identify the levels of underground pollution and classifies the pollution levels according to the index. The practical drilling result confirms that the classification well matches the real situation of underground pollution.
Results and discussion
Informal landfill and EIS observation results. The chosen informal landfill is located in the Tongzhou District, Beijing, and had an area of 11,000 m2. The landfill is bounded by wasteland in the west, farmland in the east, an orchard in the north, and woodland in the south. The entire area is flat and thus suitable for EIS observation.
Quaternary clay surrounds and covers the landfill, with a thickness of less than 1 m. Beneath the clay is a layer of sand and mud with a thickness of about 13 m. Under this layer is clay backing. The water table is approximately 10 m. The informal landfill has been used as a dumping ground primarily for residential and construction wastes since 2007.
An EIS observation tool produced by Geopeng Co. and Jilin University is used for field prospection. Eleven EIS lines are set along the east-west direction of the landfill area. These lines are marked 1 to 11 from north to south. Lines 1 to 3 are located outside the landfill, lines 4 to 9 in the mixed (residential and construction waste) landfill area, and lines 10 and 11 in the residential waste area. Wenner devices are used in field observation, and electrode spacing is 3 m.
EIS observation results show that the landfill and non-landfill regions have different electrical structures. Lines 1 ( Figure 1 The EIS observation result indicates that the apparent resistivity at a depth of 0 m to 40 m is higher on the west side than on the east side and that the apparent resistivity at deep areas is higher than that at shallow areas. The surrounding sandy soil is smoothly distributed. Aside from the waste dumped on the informal landfill, soil porosity and the degree of moisture of the ground subsurface affect the resistivity of the underground medium. Minimal farming in the western survey area reduces soil porosity and moisture compared with farming in other areas and thus increases resistivity. Compared with the western area, the eastern area is irrigated every year for farming and thus has high soil porosity and degree of moisture and low resistivity. Classification of the degree of pollution of underground environment and drilling results. The results of the EIS observation of the informal landfill reveal a difference in apparent resistivity between the eastern and western sides. Apparent resistivity in the western area is high, greater than 100 Ω m in most regions. This result is significantly higher than the apparent resistivity of 10 Ω m to 40 Ω m in the informal landfill region. By contrast, the apparent resistivity on the eastern side is 20 Ω m to 40 Ω m at a depth of 0 m to 10 m. This value is close to the apparent resistivity of the informal landfill region. However, at depths greater than 10 m, high apparent resistivity significantly increases to beyond 70 Ω m on average. Thus, we introduce a method to define the membership function on the basis of the EIS observation results.
We use Zadeh's (1965) definition of the apparent resistivity i ρ of an underground unit i e as an element of Set A. Set A is a fuzzy set that classifies the level of pollution of the underground environment [18] :
is the membership function of i ρ .
The membership function can then be expressed as reflects the degree of membership of the underground unit i e in the polluted area [16] [17] [18] [19] [20] [21] [22] .
We calculate and graph the level of pollution of the underground environment of the informal landfill and its neighboring regions according to the informal landfill boundary defined by drilling data. Figure 5 shows the #5 cross section, and Figure 6 shows the #10 cross section. The classification made by Yan (2007) [11] indicates that the region with serious pollution
in the informal landfill has a depth of about 10 m to 13 m (mixed refuse = about 10 m, residential waste = about 13 m). The region with light pollution has a depth of 10 m to 20 m. The depth of the polluted area of the southern region is greater than that of the northern region. We drill wells at the exploration area to verify the EIS observation results. Two water well drilling machines are used to drill 18 wells. Among these wells, 1 has a depth of 15 m, 3 of 8 m, and 14 of 6 m. Twenty-two samples are collected. To determine the level of pollution of background soil, we take two samples from beside the informal landfill in the south. EIS observation finds no background ammonia-nitrogen concentration in the non-polluted region. Figure 7 shows the measured ammonia-nitrogen concentration in a well in the northern area of the #10 cross section. This well has a depth of 15 m (fill wastes of about 8 m) and a range of 8.5 m to 13.4 m. The drilled hole is located between the region with fixed refuse and that with residential wastes. Figure 6 shows that the ammonia-nitrogen concentration decreases rapidly at a depth of 9.7 m to 11.5 m, indicating that this depth range exhibits a reasonable boundary between serious pollution and light pollution. These drilling data match the EIS membership function results, suggesting that the regions with fixed refuse and residential wastes are seriously polluted at depths of 10 and 13 m, respectively. For the complex background electrical structure of the landfill, this paper proposes a method to calculate the membership function by directly using EIS apparent resistivity. This method classifies the level of pollution of the underground environment of the observation area. The regions with serious and light pollution are defined. The drilling data indicate that the result of classification using the membership function well matches the real levels of pollution of the underground environment. Areas polluted with leachate show high EIS resistivity and NH3-N levels. Therefore, EIS can be used to evaluate leachate pollution of the underground area of an informal landfill.
